Abstract On HL-2A, two different injections (supersonic molecular beam injection (SMBI) and pellet injection (PI)) are used to mitigate edge localized mode (ELM)-filament convective transport. The changes of their characteristics are studied in this paper. A high spatiotemporal resolution probe shows there are many similar phenomena, and the filament density amplitude and radial velocity are both suppressed. Our statistical results indicate that: the velocity suppression comes from the decrease of filament density and temperature; the transient particle and heat fluxes drop strongly; and long-range correlation along a magnetic flux surface also decreases, when the electron-ion collisionality increases significantly, which may have a role on the filament parallel current during ELM mitigation.
Comparison of ELM-Filament Mitigation Between

Introduction
In recent years, a kind of intermittent filamentary structure, ELM-filament [1−4] , has been found in the edge plasma and scrape off layer (SOL) during ELM. This structure is derived by E × B drifts like blob [5−7] , but has higher density, higher temperature, and larger velocity. Many people believe that it should be responsible for the huge transient transport during ELM which can dramatically erode divertor materials, and increase impurities and recycling. Thus, decomposing the heat flux originating from core plasma is an extreme challenge.
A number of techniques have been developed to solve this problem. In the ASDEX-U tokamak, the effect of ion cyclotron resonance heating (ICRH) was studied [8] . It suppressed the burst of large-scale structure and decreased the transport induced by ELM in SOL, while the increase of the neutral pressure did not affect turbulence suppression. Supersonic pulsed gas injector (SPGI) was also be tried on ASDEX-U [9] . It was found that the location of perturbation caused by SPGI is very important for ELM triggering and there is an inverse relation between the trigger delay times and the SPGI amplitude. On TCV, extrinsic impurities of neon or nitrogen were used to reduce the divertor heat load during type I ELMy H-mode [10] . It was found that with the increase of nitrogen density, the ELM size and the exhaust (both between and during ELMs) decreased while the confinement was still reasonable. Meanwhile, the injection of cryogenic deuterium pellets, which is used to pace and mitigate ELM, has been demonstrated on many tokamaks, such as on JET [11] , DIII-D [12] and ASDEX-U [13] . The ELM frequency has been completely replaced by pellet injection frequency, and the decrease of ELM-filament induced transport was also observed. Although a lot of experiments have tried to suppress the transient transport, few have focused on the detail of intermittent filamentary structures, or compared the change of their statistics during suppression. Recently HL-2A had achieved type III ELM mitigation by using two kinds of fuelling techniques: SMBI and PI, respectively. Using high spatiotemporal resolution Langmuir probe gives us a chance to study these questions.
The rest of this paper is organized as follows: the experiment setup is described in section 2; the experimental measurements and comparison of ELM-filament transport between SMBI case and PI case are presented in section 3; the discussion and conclusion is given in section 4.
Experimental setup
HL-2A is a middle size tokamak (R=1.65 m, a=0.40 m) that has a single null divertor configuration and uses deuterium plasma discharges. The direction of toroidal magnetic field is clockwise and the current is counter-clockwise [14, 15] while we look from above. SMBI [16−18] and PI [19] valve are both located in the mid-plate of low field side (LFS). The penetration depth of SMBI is always several cm inside the last closed flux surface (LCFS), this is far less than the penetration depth of PI, which is more than dozen cm. Fig. 1 shows the MHD equilibrium configuration reconstructed by the EFIT code and Langmuir probe setup. A typical four-tip probe, which contains two floating tips aligned poloidally and a set of double probe, was located in mid-plane outside LCFS and used in these experiments [20] . The length and diameter of tips are 2 mm and 1.5 mm, respectively, and the effective areas are 3 mm 2 . The diagonal tips are separated by 8 mm. The poloidal electric field E, electron temperature T e , and density n e will be calculated [21, 22] . In the divertor plate, seven typical three-tip probes are arranged in vertical direction with spatial resolution ∆z ∼1.0 cm. The local electron temperature and density can also be measured [23] . In the experiments, data are obtained with sampling frequency f s =1 MHz.
Experimental results
Typical parameter evolutions in ELM-mitigation
HL-2A has successes in ELM-mitigation by using two methods: SMBI and PI. Typical ELM-mitigation time is 10-30 ms after SMBI and 20-40 ms after PI, comparable with energy confinement time.
A series of reproducible discharges have been achieved in the experiment. Fig. 2 shows two typical discharges of ELM-mitigation induced by SMBI and PI, respectively. The comparison of parameters is listed in the left part of Table 1 . There are four SMBI pulses in Fig. 2 (f) and six PI pulses in Fig. 2(m) . In both cases, L-H transitions are triggered after the second SMBI/PI. Then, the third and the fourth SMBI (583 ms, 666 ms), and from the third to the sixth PI (553 ms, 602 ms, 653 ms, 701 ms) induce ELM-mitigation. The horizontal displacements of plasma during these ELMmitigations are less than 5 mm and their effects on Langmuir probe data can be neglected. It should be noted that the mitigation effects are not visible because of time scale, but the typical ones induced by the fourth SMBI and the third PI are shown in Figs. 3 and 4.
The parameters of SMBI and PI are listed in the right part of Table 1 . PI has much lower temperature (∼16 K) and lower injected velocity (∼200 ms −1 ) than SMBI (∼108 K and ∼900 ms −1 ). But because PI uses the solid-state pellet with diameter of ∼1.3 mm, the penetration depth (10-15 cm) is much deeper than SMBI (1-2 cm), which is almost like a gas puffing with gas flux with deuterium molecules of (3.3-4.1)×10
19 ms −1 and duration of 0.6 ms. 
Filament amplitude suppression
The zoomed time windows of D α signal during typical SMBI/PI induced ELM mitigations are shown in Fig. 3(a) and 3(c) . It is clear that after SMBI/PI, the ELMs become more frequent and smaller. Here we divide the time windows into three sub-phases: before SMBI/PI, after SMBI/PI and the revival phase. The condition average (CA) method [25, 26] is used to obtain filament events from data measured by mid-plane probe (∼ 2.0 cm outside LCFS during SMBI induced mitigation and ∼1.7 cm during PI induced mitigation). This method can use a pre-set threshold δn e /σ to extract structures from turbulence based, where δn e = (n e − < n e >)/ < n e > is the normalized density perturbation (< ... > means time average) and σ denotes the standard deviation of δn e . Each peak which is larger than the threshold is regarded as a filament just passing by the tip. The time evolutions of filament burst rate f with threshold δn e /σ = 4 are compared in Fig. 3 (b) and 3(d). The trend of filament burst rate is estimated by f = N fil /∆t, where time-average window is δt ∼ 2 ms and N fil is the number of filaments in ∆t. It is found that after these injections, the filament burst rates both decrease: from ∼2.7 kHz to ∼1.8 kHz after SMBI (red) and from ∼4.1 kHz to ∼2.2 kHz after PI (green), i.e. the filaments whose amplitude is larger than 4σ are suppressed. The detailed comparison between threshold δn e /σ and the change of filament burst rates f before and after SMBI/PI are shown in Fig. 3(e) . The ordinate (f before − f after )/f before is the decay coefficient of filament bust rate after injection, positive means that there is a filament burst rate decrease and negative means that there is a filament burst rate increase. It is clear that this coefficient increases with the with the threshold in both cases, indicating that higher amplitude filaments have a stronger suppression after SMBI/PI. On the other hand, the curve of SMBI case decreases below zero when the threshold δn e /σ < 2.8, implying smaller amplitude filament increases after SMBI. The curve of PI case also have similar trend, but it is a pity that the strong turbulence from the background begins affecting the statistics and makes the results inconclusive when threshold δn e /σ < 2.0.
Filament radial velocity suppression
Based on CA method, the filament radial velocity can be estimated by E × B drifts. Fig. 4 shows the time evolutions of D α and averaged radial velocity of filaments with δn e /σ = 2. It is clear that, in both cases, the average radial velocities decrease after injection: from ∼2.9 km/s to ∼1.9 km/s in SMBI case and from ∼3.8 km/s to ∼2.6 km/s in PI case. (It should be noted that in SOL, the equilibrium of radial velocity v r ≈ 0.) These radial velocity decreases are also correlated with changes in the density and potential structures of filaments, which can help us understand the particle/heat flux. Here we use the CA method to extract filaments with amplitude threshold δn e /σ = 2 and each filament has a time window τ ∼ [−15 µs, 15 µs], which is bigger than the filament life time but smaller than the inter time. Then by averaging these filaments (∼70 filaments before SMBI and ∼230 after SMBI, ∼150 filaments before PI and ∼120 after PI) with their time window, the density and potential structures are reconstructed. Fig. 5 shows the changes of these structures before and after SMBI/PI. It is found that the density perturbation is a monopolar structure with faster rise and slower decay. And n p e , which denotes the amplitude of normalized density of filament, decreases from 3.03 to 2.21 after SMBI and from 1.78 to 1.46 after PI. The potential structures are bipolar and the peak-valley values defined as V p−p f drop from 21.5 V to 9.0 V after SMBI and from 22.3 V to 12.0 V after PI, which might be responsible for radial velocity reductions. In order to further analyze the change of filament velocity, a model [6, 7, 27] was considered here. This model has an assumption that the polarization of filament comes from the charge-dependent particle drift due to magnetic field curvature, and it gives us a filament radial velocity prediction:
Here c s is the sound speed, a θ is the poloidal size of a filament, R is the major plasma radius, n f and n s are the density of filament and the density in scrapeoff layer without dissipation of filaments, respectively, R=2.05 m is constant, n f /n s = n p e , c s = 2T e /m i , and m i is ion mass. a θ is estimated by ∆τ × v θ , where ∆τ is life time and v θ is poloidal velocity of filaments. This is very disperse and its mean value, which is ∼2.0 cm before SMBI and ∼2.9 cm before PI, has changed little after injection. If we ignore the change of a θ , the radial velocity should be estimated as v 12 . Then, the result of SMBI case, which comes from a statistic of 1600 filaments from 7 SMBI induced mitigations, accords qualitatively with this model. As shown in Fig. 6(a) , each point of SMBI case (blue and red) is the statistical average of the filaments in the region [n p e − 0.15σ, n p e + 0.15σ] (The minimum number of filament of these regions should be larger than 30 to make sure the credibility of statistics.) The filament radial velocity decreases with the drop of density amplitude n p e , which shows that the suppression of density amplitude is a reason of radial velocity suppression. Meanwhile, there are two points that should be noted: one is that in Fig. 6(a) , the slope of δn e ∼< δv r > also decrease significantly after SMBI, which means that even though the filament amplitude does not change, the radial velocity of the filament will also decrease after SMBI. This decrease should be associated with the decrease of filament temperature, which is shown in Fig. 6(b) . This tells us that the reduction of filament temperature is also a reason for velocity suppression. Another reason is that the filament temperature increases with its density amplitude in Fig. 6(b) , so the filament radial velocity v r is not proportional to (n p e ) 1/2 but n p e . These results are also observed in the PI case by using the same statistical analysis on ∼500 filaments from 4 PI induced mitigations, as the purple and pink points show. Each point reflects the density region [n p e − 0.5σ, n p e + 0.5σ]. Here we can see that even when there are only four points before and after PI, the trend is roughly similar to the SMBI case, which shows that the filament radial velocity also increases with density amplitude and the velocity after PI becomes lower than the value before PI due to the decrease of filament temperature. 
Transient particle and heat flux suppression
Particle and heat fluxes are obtained by using fourtip array in mid-plane, where particle flux Γ is estimated by Γ =< δn e · δv r > and heat flux is calculated by Q =< T e >< δn e · δv r > + < n e >< δT e · δv r >. With the results that the density, radial velocity and temperature of filament decrease after SMBI/PI, the suppression of transient flux induced by filament can be easily understood. to ∼ 2 × 10 22 m −2 s −1 after PI. The heat flux decreases from ∼200 kWm −2 to ∼50 kWm −2 after either SMBI or PI. This observation is also confirmed by the comparison of probability density function (PDF) of particle flux shown in Fig. 7 (c) and 7(f), the contribution of large amplitude to flux shows that the proportion after SMBI/PI is smaller than that before SMBI/PI.
Long-range correlation and electron -ion collisionality
The spatial character statistics of turbulence and large scale structure can be calculated by correlation analysis.The normalized correlation function is defined as
where functionf (t) = f (t)− < f (t) > and E{...} is the math expectation. The mid-plane four-tip and its field line corresponding to divertor three-tip are used to calculate the correlation. Their parallel correlation length L is estimated as L ∼ πqR with q: 4-5, L : 25-32 m. Fig. 8 (b) and 8(e) show the time evolution of the correlation of density fluctuations. It is clear that before SMBI/PI, each ELM corresponds to an obvious increase of correlation, which is mainly contributed by some ELM induced large scale structures, such as ELM-filament. But during ELM-mitigation, the correlation decrease strongly, the maximum values reduce from ∼0.6 to ∼0.3 after SMBI and from ∼0.6 to ∼0.4 after PI, both fall more than 30%. Meanwhile, the divertor electron-ion collisionality, as shown in Fig. 8 (c) and 8(f), is also estimated as a dimensionless quantity: ν e,i = 10 −16 L n e /T 2 e [28−30] . It is worth noting that the collisionality has an opposite tendency, which increases from ∼200 to ∼400 after SMBI and from ∼300 to ∼400 after PI, and then restores with the end of ELM mitigation. This phenomenon is in good agreement with the theory that collisionality affects the parallel correlation [31] . This indicates that both SMBI and PI can decrease the correlation along the magnetic flux surface, which might be due to the increase of the local electronion collisionality and the reduction of filament parallel current. This change might also affect the poloidal electric field formation. 
Conclusion
The experiments of ELM mitigations induced by SMBI and PI are studied and compared in this paper. Although there are many differences between the two injections, such as deposition position, temperature, and the number of injected molecules, their effects on intermittent convective transport induced by ELM-filament are similar. The suppressions of larger amplitude filaments are observed, where the burst rates with threshold of 4 decrease from ∼2.7 kHz to ∼1.8 kHz after SMBI and from ∼4.1 kHz to ∼2.2 kHz after PI. Suppressions of radial velocity are also observed in both cases. The average values decrease from ∼2.9 km/s to ∼1.9 km/s after SMBI and from ∼3.8 km/s to ∼2.6 km/s after PI, which might result from the E × B amplitude reduction. Statistical characteristics of filament radial velocity with density and potential structure also show that there are two terms which should be responsible for the suppression of filament velocity (or potential structure): one is the decrease of filament density amplitude and another is the decrease of filament temperature. This result sustains the model [6, 7] , which gives us a conjecture: v th r = ξ(T e ) 1/2 (n e ) 1/2 , even this conjecture is still simple and rough. Strong decreases of particle and heat fluxes induced by filament are also observed. The maximum transient fluxes are decreased up to 50% in both cases and the changes of PDFs also confirm this. Finally, the correlation between mid-plane and divertor decreases after SMBI/PI, while the electron-ion collisionality of divertor plate increases significantly. This implies that a large scale structure along a magnetic flux surface is suppressed due to the reduction of filament parallel current. However, some other mechanisms can also change the current loop of filament and long-range correlation, such as filament momentum dissipation, ion polarization drift, and ion viscosity.
In the future we will continue studying the effect of this mechanism on the filament as well as on the link between parallel current and poloidal electric field. Other techniques, such as gas puffing and resonant magnetic perturbations (RMP) will also be included in the comparison.
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